Introduction
mRNA localization is an essential mechanism for a range of cellular processes, including embryonic development, cell differentiation and migration, as well as neuronal plasticity 1 . For active transport of mRNAs along the cellular cytoskeleton, ribonucleoprotein particles (RNPs) are formed. Such mRNA-containing RNPs (mRNPs) contain motor proteins, RNA binding proteins, helicases, and translational regulators 2 .
In the mature nervous system, neuronal mRNA localization to pre-and postsynaptic areas followed by local translation has been implicated in memory and learning 3, 4 . For instance, dendritically localized RNAs produce proteins with synaptic functions such as Ca 2+ /calmodulin kinase II (CaMKII), the cytoskeletal protein Arc or microtubule-associated protein 2 (MAP2), and AMPA or NMDA receptors.
The RNA binding protein Staufen (Stau) was originally identified in Drosophila as an mRNA transport factor required to establish the anterior-posterior axis of the embryo 5, 6 . Together with proteins of the exon-junction complex (EJC) and the translational repressor Bruno it binds to the oskar mRNA, which is transported from the nurse cells to the oocyte and then localized to its posterior pole 7 . During neurogenesis, the asymmetric segregation of prospero mRNA into the ganglion mother cell requires Stau function as well 8 .
In mice, the two Staufen-paralogs Stau1 and 2 share about 50 % proteinsequence identity and have both been implicated in mRNA localization and RNA-dependent control of gene expression 9, 10, 11 . Whereas Stau1 is ubiquitously expressed and required for Staufen-mediated decay (SMD) of its target mRNAs via UPF1 interaction, Stau2 expression is enriched in heart and brain 12, 13, 14, 15, 16 . The two paralogs Stau1 and Stau2 were reported to bind distinct, yet overlapping, sets of target mRNAs 10, 17 , indicating distinct but possibly complementary functions. Consistent with this hypothesis is the observation that although both paralogs appear to mediate degradation of RNAs, only Stau2 seems to also stabilize a subset its target mRNAs 18 .
A transcriptome-wide analysis of Drosophila Stau (dmStau) targets suggested certain RNA-secondary structure elements as Stau-recognized structures (SRSs) 19 . A subsequent study in mice used immunoprecipitation-and microarray-based experiments to identify the Regulator of G-Protein the backbone of RNA 23 and do not undergo recognizable sequence-specific interactions 24 , one of the unresolved questions is how specific RNA binding can be achieved by dsRBD 3-4.
Here we show that in mStau2 the non-canonical dsRBDs 1 and 2 exhibit RNA 
Protein expression
Full-length mStau2 protein mStau2 FL was expressed as a HisSUMO-tagged fusion protein in High Five insect cells. After cloning in pFastBacDual, recombinant baculovirus was produced with the Bac-to-Bac Expression System (Invitrogen) in Sf21 insect cells as described by the manufacturer's protocol. Data were indexed and integrated using XDS and scaled via XSCALE.
Structure factor amplitudes were obtained with Truncate (CCP4 package) 27 .
The structure was solved by MAD phasing with Barium from the mother liquor, using the AutoRickshaw web server 28 . The structure was completed by iterative manual building in COOT and refinement with RefMac5 (CCP4 package) 27 . All crystallographic software was used from the SBGRID software bundle5. Images of the crystal structure were prepared with PyMol (Version 1.7; Schrodinger; http://www.pymol.org/).
Nuclear Magnetic Resonance (NMR)
RNA and RNA-protein complexes were dialyzed to 150 mM NaCl, 20 mM sodium phosphate buffer pH 7.0, 5 mM DTT prior to analysis and 5-10 % D2O
was added for locking. Measurements were performed at 298 K on Bruker 
Single molecule fluorescent hybridization (smFISH)
42 and 24 different ssDNA oligonucleotides were labelled enzymatically with Atto532-ddUTP and Atto633-ddUTP, respectively, as described in references 35 and 36, to generate osk42x532 35 and bcd24x633 (Supplementary Table) probe-sets for smFISH. Drosophila ovaries were dissected and processed for smFISH analysis as described in references 35, 36.
Microscopy and image analysis
Drosophila egg-chambers mounted onto slides in Vectashield were imaged on a Leica TCS SP8 confocal laser scanning microscope using a 20x dry slopes of the fitted lines were compared pair-wise using least-squares means analysis 40 . All statistical analyses were carried out in R 41 using RStudio (www.rstudio.com). All graphs were plotted by the ggplot2 library in R 42 .
Results mStau2 binds directly to SRS motifs in the Rgs4 3'UTR
To probe a potential direct interaction between mStau2 and the Rgs4 mRNA, 
The Stau2 tandem domain dsRBD1-2 binds dsRNA
Next, we tested whether binding is indeed only mediated by dsRBD3-4, as indicated by previous studies 12, 21 . Surprisingly, in EMSA experiments mStau2 dsRBD1-2 bound the SRS2 RNA with an affinity comparable to that of To determine whether the loop region of the RNA is required for stem-loop recognition by mStau2 tandem domains, we tested the SRS2-stem elongated Table 3 ).
The individual dsRBDs 1 and 2 bind RNA dynamically
In order to obtain structural insights into RNA binding preferences of dsRBDs These residues map to the predicted end of helix α 1 , loop 2 and the beginning of helix α 2 , which are the regions that mediate RNA binding in a canonical dsRBD ( Figure S 8 ). Conserved dsRBD residues close or within these regions were chosen for mutation. We mutated glutamate in helix α 1 (E15), histidine in loop 2 (H36), lysines from the conserved KKxxK motif (K59 and K60) and phenylalanine in the beta strand β 2 (F40). Mutation of these residues in dsRBD3 from D. melanogaster to alanines had been shown to abolish RNA binding completely 23 .
The dsRBD1-2 tandem domain with a range of mutations in dsRBD1 were tested for binding to SRS2+5 ( Figure S10 ; Figure S11 ; Table 4 ). However, RBD1-2 E15A binds to SRS* RNA similar to 
Mutations in dsRBD2 impair RNA binding of dsRBD1-2 fragment
Due to the lack of NMR assignments for RBD2, to design mutations in this domain we had to rely on sequence homology. A sequence alignment of twelve species was used to identify conserved, positively charged or aromatic residues for mutation (Figure S8 B) . These residues, E99A, K106A, F157A
and H169A, were individually mutated in the context of the dsRBD1-2 tandem domain, and subsequently tested for RNA binding by SPR. All mutants showed strongly decreased binding to SRS2+5 ( Figure S12 , Table 5 ) and fitting of binding curves indicated that two-site binding was lost in all mutants.
All dsRBD2 mutations in the context of dsRBD1-2 were also tested for binding to SRS* RNA. Unlike SRS2+5, Stau2 dsRBD1-2 E99A and K106A bound SRS* with properties similar to the wild-type protein ( Figure S13 , Table 4 
Discussion
Previous reports had identified dsRBDs 3 and 4 in Staufen proteins as the RNA binding domains 11, 12, 48 , suggesting that dsRBDs 1 and 2 fulfill other functions. In our present work we have demonstrated that the mStau2 dsRBDs 1 and 2 also possess RNA binding activity. Furthermore, we could
show that the two dsRBDs 1 and 2 work together as a tandem domain to achieve their full functionality. Our data further confirm that also dsRBD3-4 also act as a tandem domain. Our comparison of RNA binding affinities of single domains and tandem domains bearing mutations suggest that the first binding event with moderate affinity is achieved by the second dsRBD in each tandem domain, namely dsRBD2 and dsRBD4.
Based on our results, we propose a model in which sequential binding events lead to stable RNA recognition by Staufen (Figure 7 ). In this model, binding of the first tandem domain occurs initially at a random position, with dsRBD2 achieving the first interaction (Figure 7 A, left side). Our NMR data suggest that dsRBD2 unspecifically slides along the stem, thereby positioning dsRBD1
close to the dsRNA. Subsequently, dsRBD1 also binds, thereby increasing the affinity of the tandem domain to dsRNA ( Figure 7A , right side). In the tandem domain dsRBD3-4 the second domain, dsRBD4, binds with higher affinity ( Figure S17 ) and thus likely undergoes the first priming contact in a fashion similar to dsRBD2 (Figure 7 B, left side) . Then, the other, free dsRBD of the tandem domain also joins the RNA-bound complex ( Figure 7B , right side).
Only when the two tandem domains dsRBD1-2 and dsRBD3-4 act together does the protein form a stable RNA complex. This interpretation is consistent with the stronger and more stable RNA binding of dsRBD1-4 and full-length 46 . A similar activity was also reported for the human ortholog of Loqs-PD, TAR RNA binding protein (TRBP) 45 . In contrast to these examples, however, Stau2 involves two tandem domains with four dsRBDs for its sequential RNA-target recognition.
The feature of stable RNA binding is likely to be of great importance for transport of transcripts over longer distances. It is therefore not surprising that our rescue experiments of Drosophila stau mutants with Stau constructs required all four dsRBDs to be functional. The presented model ( Figure 7) offers a mechanistic view on how Stau2 may recognize biological targets with high affinity and stability.
RNA binding proteins in higher eukaryotes very often contain multiple RNA binding domains 49 . It is thought that these act in a combinatorial fashion such as we have shown for the dsRBDs of mStau2. However, for most of these multidomain proteins the manner in which they act cooperatively for function and specificity is not well understood. mStau2 contains two tandem domains, each of which can bind to a stem-loop. It is likely that the choice and combination of the stem-loops as well as their specific spacing determines the specificity of Stau binding for transport of selected mRNAs in vivo. In the dmStau-expressing oocytes oskar localizes almost exclusively to the posterior pole (right side of images) and bicoid to the anterior pole (left side of images) during stage 9 of oogenesis. In oocytes that lack Stau (stau null), oskar is found at both poles, enriching slightly more at the anterior, while bicoid localization is unaffected during stage 9. Insets show magnified regions of the upper anterior corner. Scale bar is 20 µm and 1 µm for the insets. (B) Typical localization of oskar mRNA in oocytes as a function of the expressed Stau protein. Using image transformation algorithms, the RNA signal within the oocytes was redistributed into a 100x100 square matrix. Such matrices of different oocytes could be statistically evaluated to obtain the average (green) and the variability (magenta) of the RNA distribution under a given condition. In wild-type oocytes (top left) most signal is found close to the posterior pole (on the right of the panels) by stage 9. In absence of Stau (stau null), there is a strong accumulation of p=0.016, alphacorrected=0.01) , indicating that wild-type mStau2 has higher affinity to oskar mRNA than its mutant counterparts. In the case of bicoid mRNPs (H), the slope of GFPmStau2[F40A F157A] is significantly different from the other three (p<0.01), which do not differ significantly from each other (p>0.9).
Tables

Figure 7:
Model of the molecular recognition of dsRNA by Stau2. A) dsRNA recognition by the Stau2 tandem domain dsRBD1-2. dsRBD2 binds dsRNA promiscuously with moderate affinity and slides along the stem. Through this sliding, dsRBD2 positions dsRBD1 close to the dsRNA. When a suitable dsRNA structure is reached, dsRBD1 also binds, thereby strongly increasing the affinity of the tandem domain to dsRNA. B) Next to the tandem domain dsRBD1-2, dsRBD3-4 acts in a similar way. Here, dsRBD4 does the first promiscuous binding with moderate affinity. When dsRBD2 and dsRBD4 position dsRBD1 and dsRBD3, respectively, close to a suitable dsRNA, the respective domains also bind the dsRNA, thereby increasing affinity. Only when suitable dsRNA binding sites for both tandem domains are in sufficient spatial proximity can all four dsRBDs be bound and form a stable complex with the RNA target. 
